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In tapping-mode atomic force microscopy, nonlinear tip–sample interactions give rise to higher
harmonics of the cantilever vibration. We present an electrical circuit to model the atomic force
microscope cantilever with its first three flexural eigenmodes. An electrical circuit simulator is used
to simulate the tapping-mode operation. Amplitude and phase responses of the third flexural
eigenmode are obtained for different sample properties. It is found that amplitude and phase of
higher harmonics depend highly on sample properties. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1429296#Tapping-mode atomic force microscopy has a great po-
tential in mapping material properties at the nanometer scale.
Phase images obtained while the tip is scanned across the
sample shows significant material contrast.1 Though not
complete, a reasonably good understanding of the sources of
relative phase shifts has been established. The relation be-
tween energy dissipation in tip–sample contact and phase
difference between the driving force and the tip motion
makes it possible to map energy dissipation,2,3 which is a
material dependent quantity. The mechanism of energy dis-
sipation is not fully understood yet, however, several at-
tempts have been made. These models relate phase contrast
to wetting properties of different materials4 or sample stiff-
ness and tip–sample attractive forces.5 All these models are
quite complicated and we end up in a situation where we
have more unknowns than equations to characterize the ma-
terials. For the purpose of imaging material properties, a dif-
ferent approach came from Stark and Heckl6 suggesting the
use of higher harmonics to probe the anharmonic tip–sample
interaction. In this technique, a single or a group of higher
harmonics of the cantilever motion is filtered and the result-
ing signal is utilized for imaging purposes. It is also shown
that contact time can be estimated from these signals. The
main advantage of using higher harmonics is the increased
contrast and sensitivity to variations in properties of the
sample.7 A good understanding of higher harmonics genera-
tion is therefore crucial.
Here, we propose an equivalent electrical circuit in order
to simulate higher harmonics generated in tapping mode with
the help of a circuit simulator, HSPICE.8 The electrical model
we used in this work is similar to the previously described
model.5 We added two more resonators to represent two of
the higher order modes. The complete model is depicted in
Fig. 1. It is worth mentioning that the effects of the driving
force on higher order modes are neglected, which is a rea-
sonable assumption for high Q cantilevers. These modes are
excited with the tip–sample interactions. In our electrical
circuit, each loop on the left-hand side represents one of the
eigenmodes of the cantilever–tip system and right-hand side
a!Electronic mail: osahin@ee.bilkent.edu.tr4450003-6951/2001/79(26)/4455/3/$18.00
Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP liloop represents the sample. Capacitances represent the effec-
tive spring constants ~K! of the eigenmodes and the sample
with the numerical equality K51/C . Inductances represent
the effective masses (M5L). Therefore, charges in each ca-
pacitance represent the displacement of that mode and their
summation C1V11C2V21C3V3 represents the total dis-
placement of the tip. Similarly, the sample surface level is
represented with the charge in the capacitance of the right-
hand side loop with the relation CVC . The resistances rep-
resent the damping of the eigenmodes with the relation Q
5(L/C)1/2/R . Diamond-shaped symbols stand for voltage
controlled voltage sources and F(Vt2Vs) represents the
force of interaction between the tip and sample. Note that the
interaction force F depends on voltages instead of charges
~charges represent the displacement!. This is because HSPICE
does not allow charge controlled voltage sources. To over-
come this difficulty, we introduced two extra voltage con-
trolled voltage sources Vt and Vs , whose voltages are nu-
merically equal to the charges ~see Fig. 1! and we defined the
interaction force F with respect to Vt and Vs . Adjustable
FIG. 1. Equivalent electrical circuit of the cantilever–tip system. Each loop
on the left-hand side represents one of the eigenmodes of the cantilever–tip
system and the right-hand side loop represents the sample. Diamond-shaped
symbols stand for voltage controlled voltage sources and F(Vt2Vs) repre-
sents the force of interaction between the tip and sample. Adjustable voltage
source V0 is used to adjust the rest position of the cantilever. Vt and Vs
represent the positions of the tip and the sample, respectively.5 © 2001 American Institute of Physics
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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cantilever. The first resonance f 1 is at 15.92 kHz with a
quality factor Q of 250, the second resonance f 2 is at 5.4f 1
with a quality factor Q2 of 450 and the third resonance f 3 is
at 15.4f 1 with a quality factor Q3 of 450. We chose the
resonant frequencies of the higher eigenmodes as a noninte-
ger multiples of f 1 , which is the general situation for most of
the cantilevers used in experiments.10 To complete the speci-
fications of the cantilever, the equivalent spring constants of
each mode must be given. These parameters are needed to
determine the amplitude of the oscillations. In order to esti-
mate the equivalent spring constants of the higher order
modes, we use the formula for rectangular cantilevers11
Kn
K1
5S f nf 1D
2
. ~1!
Here, Kn , f n , K1 , and f 1 are the effective stiffness and
resonance frequencies of the nth and fundamental modes,
respectively. Together with these values and Eq. ~1!, we
chose the values 10, 29, and 225 N/m for the effective spring
constants of the first three flexural vibration modes. We con-
struct the electrical equivalent circuit with these mechanical
parameters and the relations between the electrical circuit
and mechanical model parameters presented in our previous
work.5 In addition to the cantilever and tip, a feedback cir-
cuitry, which is not shown in Fig. 1, is used to fix the am-
plitude of the oscillations to the set-point amplitude of 80
nm. ~The ratio of set-point amplitude to free amplitude is
FIG. 2. ~a! Response of the third eigenmode in tapping mode while the
cantilever is driven at first-resonance frequency, ~b! interaction force be-
tween the tip and the sample. Note that, response of the cantilever is slightly
disturbed during the interactions.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP li0.64!. This circuit adjusts the voltage V0 of the dc source in
Fig. 1 to ensure the constant swing of the oscillations of the
tip.
A transient analysis of the circuit with HSPICE results in
the position of the tip as a function of time. This function is
band-pass filtered around the third resonance frequency to
give the time wave form given in Fig. 2. In Fig. 2, the tip–
sample interaction forces are also shown. These results show
a good similarity with the experimental results of Hillen-
brand et al.7 Especially, during the tip–sample contacts, vi-
brations of the third eigenmode is highly affected and a de-
viation from sinusoidal motion occurs. There, this behavior
was used to estimate the contact time.
Simulations are done for the same cantilever with a set-
point amplitude of 80 nm and free amplitude of 125 nm and
for various samples, which have different equivalent spring
constants. Also, for each sample spring constant, three dif-
ferent interaction characteristics are used. These are high dis-
sipation ~75 eV per tap!, medium dissipation ~30 eV per tap!,
and very low dissipation in which, a purely repulsive inter-
action was assumed. We changed f 3 to be 15f 1 to make it an
integer multiple of f 1 . Such a condition is preferable, since it
increases the amplitude of the vibrations of that mode in
addition to providing a natural band-pass filtering effect. It is
important to note that in reality the eigenfrequencies are not
equal to the harmonics of the fundamental frequency and
hence the signals at the harmonics are significantly smaller.
The amplitude and phase responses of the third flexural
eigenmode in the very low dissipation case are given in Fig.
3. It is seen that the third-order vibrations completely disap-
pear at a certain value of the spring constant of the sample.
Note that this point is also the exact location of the phase
jump of 180°. Since the amplitude varies around zero, am-
plitude measurements will be an efficient way to probe
sample properties. A rough estimate gives that a stiffness
variation of 15% results in 1 Å amplitude variation. It is
reported that in some cases the quality factor of the third
eigenmode can be as high as 900, which means a further gain
of 2 in resolution.9 Note that, if the cantilever position is
FIG. 3. Vibrations of the third eigenmode of the cantilever under low tip–
sample energy dissipation condition: ~a! amplitude and ~b! phase of the
vibrations with respect to equivalent spring constant of the sample. The
phase at the amplitude minima is set to zero arbitrarily.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
4457Appl. Phys. Lett., Vol. 79, No. 26, 24 December 2001 O. Sahin and A. Atalarmeasured with the conventional optical detection method,
the output signal depends on the slope of the cantilever
which is higher in higher order vibration modes. Therefore, a
good signal to noise ratio can be expected.
For the dissipative interactions, amplitude and phase re-
sponses are plotted in Fig. 4. It is seen that the third-order
vibrations do not go to zero. As a consequence, the ampli-
tude variations around the minimum are not sensitive to the
sample stiffness variations. These time phase shift measure-
ments become more useful to probe the sample variations.
For the medium dissipation case about 6° of phase shift is
expected for a stiffness change of 1%. The high sensitivity of
the third flexural eigenmode is because the contact time and
FIG. 4. Vibrations of the third eigenmode of the cantilever for medium and
high dissipation cases: ~a! amplitude and ~b! phase of the vibrations with
respect to equivalent spring constant of the sample. Phase references are set
arbitrarily.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP lithe period of the vibrations of the third flexural mode are
nearly equal. We note that there is a relation between the
contact time and the number of higher order modes that are
efficiently excited. The smaller the contact time, the greater
the number of higher order modes that are excited. In most
materials, contact times are around 5%–10% of the main
period, which corresponds to the periods of 10th to 20th
harmonics. The third resonance is typically located at these
frequencies. In very stiff or compliant samples, contact times
can be as high as 12% or as low as 2% of the main period.12
In those cases, other flexural modes can be more suitable for
imaging.
To summarize, we have presented an equivalent electri-
cal circuit to model and simulate the higher harmonics gen-
eration in tapping mode. The simulation results show that the
third flexural vibration mode is highly sensitive to tip–
sample interaction. Amplitude and relative phase shifts of
these higher order vibrations could provide an opportunity to
map material variations across the sample.
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